To investigate the spread of contraction in the rabbit ear artery, changes in segment diameter were measured after local stimulation. No spread of contraction was produced by direct current or local application of norepinephrine (NE). Repetitive electrical stimulation caused contraction which spread far from the point of excitation. Since 2 x 10~7 g/ml tetrodotoxin (TTX) or 10 * M phentolamine prevented this spread of contraction, we concluded that it depends on normal function of periarterial nerves and of the a-adrenergic receptors at the site of the smooth muscle cells. To check this conclusion and exclude the possibility of myogenic propagation, which normally is due to the conduction of action potentials, the relation between membrane potential of smooth muscle cells and the rapid phase of the contractile response after rapid addition of NE was investigated. In both polarized and depolarized tissues NE induces a biphasic contractile response with no difference in latency. Membrane potential does not change during mechanical latency after the rapid addition of 5 x 10"* -5 X 10~6 g/ml NE. There are only slight differences in contraction amplitude and maximum rate of tension development when strips from polarized and depolarized tissues incubated in Ca 1+ -free solution are stimulated by NE. These findings support the conclusion that spread of contraction is not due to myogenic propagation. Circ Res 49: [600][601][602][603][604][605][606][607][608] 1981 
Spread of Contraction in Rabbit Ear Artery Preparations in Response to Stimulation by Norepinephrine
MANFRED VONDERLAGE SUMMARY To investigate the spread of contraction in the rabbit ear artery, changes in segment diameter were measured after local stimulation. No spread of contraction was produced by direct current or local application of norepinephrine (NE) . Repetitive electrical stimulation caused contraction which spread far from the point of excitation. Since 2 x 10~7 g/ml tetrodotoxin (TTX) or 10 * M phentolamine prevented this spread of contraction, we concluded that it depends on normal function of periarterial nerves and of the a-adrenergic receptors at the site of the smooth muscle cells. To check this conclusion and exclude the possibility of myogenic propagation, which normally is due to the conduction of action potentials, the relation between membrane potential of smooth muscle cells and the rapid phase of the contractile response after rapid addition of NE was investigated. In both polarized and depolarized tissues NE induces a biphasic contractile response with no difference in latency. Membrane potential does not change during mechanical latency after the rapid addition of 5 x 10"* -5 X 10~6 g/ml NE. There are only slight differences in contraction amplitude and maximum rate of tension development when strips from polarized and depolarized tissues incubated in Ca 1+ -free solution are stimulated by NE. These findings support the conclusion that spread of contraction is not due to myogenic propagation. Circ Res 49: [600] [601] [602] [603] [604] [605] [606] [607] [608] 1981 PREPARATIONS of the rabbit ear artery (REA) exhibit a biphasic contractile response following the addition of norepinephrine (NE): a first rapid phase A and a second slow maintained phase B (De La Lande et al., 1967; Bevan and Waterson, 1971; Bevan et al., 1973; Steinsland et al., 1973) . According to Bevan et al. (1973) , phase A of the contractile response of the REA is preceded and caused by an electrical change in membrane potential of smooth muscle cells. If there is a change in membrane potential after the addition of NE the prerequisite of possible myogenic propagation following the contact of the smooth muscle cells with NE is present. Speden (1967) succeeded in measuring a change in membrane potential of single smooth muscle cells in segments of the REA after repetitive nerve stimulation. With the same preparation, however, Droogmans et al. (1977) failed to measure any change in membrane potential of single smooth muscle cells, incubated in a physiological saline, when NE was added. In view of these results, we decided to examine the spread of contraction induced both by local application of NE and by local electrical stimulation. According to the conclusion of Bevan et al. (1973) and Steinsland et al. (1973) , phase A of the contractile response of the REA depends on the release of cellular Ca' + , whereas phase B depends on the influx of extracellular Ca' + After stimulation with NE the contractile elements should be activated first by Ca 2+ from cellular stores. Consequently, we determined mechanical latencies from strips of polarized and depolarized cells to get information about the influence of membrane potential on the release of cellular Ca" + . Because we have to reckon with the fact that contraction induced by the influx of extracellular Ca 2+ starts very earlythat means latency could be determined by the beginning of phase B contraction-we investigated contraction of strips, again, of both polarized and depolarized cells in a Ca 2+ -free solution, now being certain that this contraction should be induced only by activator calcium from cellular stores. The foundation of our experiments was the assumption that a possible myogenic propagation in the vessel wall depends on the first step of the transformation of the NE stimulation of the single smooth muscle cell.
Methods
Segments of the central ear artery were taken from the proximal part of the ear from male rabbits (adult animals; 5-7 months old; 2.5-3.5 kg), which were anesthetized with 0.15-0.2 g thiobutabarbital* (Inactin, Byk). The adventitial surfaces were cleared of easily removable tissue by careful dissection, using a dissecting microscope. Small vessels leaving the segment were very carefully tied off.
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Studies on Segments
The segments (1 cm long) were mounted at both ends on glass tubes 0.8 mm in outer diameter and stretched to their in situ length, which was about 30% more than that of unstretched vessel. The artery segment was internally perfused with physiological salt solution (PSS) at a constant driving pressure of 100 mm Hg in the reservoir. Before stimulation, the pressure drop across the artificial inflow resistance was about 30 mm Hg, when the artificial outflow resistance was very low. The changes in pressure between the proximal part of the artery and the inflow resistance were measured with a pressure transducer (Statham P23Db). These changes can be considered as a measure of the contraction of the smooth muscle cells. When the segment was not stimulated, the flow rate of the perfusate was about 10-12 ml/min and the velocity was about 6 cm/sec at segment site. In some experiments, in which the driving pressure was reduced to 70 mm Hg, it was necessary to get a constant pressure along the inside of the vessel. To facilitate this, the tube leaving the segment was pinched off, so that the artificial outflow resistance was infinitely high (experiments of Fig. 3 and Fig. 4 ). Under these conditions, changes in diameter could be due only to changes in muscular activity. The periarterial nerves were stimulated by means of a pair of platinum electrodes (width: 0.2 mm) embedded in a plexiglass block in recesses around the hole through which the proximal part of the artery was inserted ( Fig. 1 ).
Local addition of NE was achieved by pumping PSS containing 2 x 10" 6 g/ml NE through a micropipette (inner diameter ca. 10 /^m). The tip of the micropipette was set by means of a micromanipulator into a dent of the adventitial tissue, and 50 (A/ min PSS containing the NE was jetted on the outer border of the smooth muscle layer of the vessel. In the steady state of addition, NE solution was reflected from the vessel wall and taken away by the superfusate. Some of the drug was diluted by the superfusate to an ineffective dose; some reached parts of the distal segment, as could be seen by stained solution. Moreover, we used the everted preparation of the REA for this experiment as-in relation to the same NE concentration-NE produces a more rapid contraction when coming into contact with the intimal surface of the artery than with the adventitial surface (McCalden and . A 10-to 12-mm segment was pushed over a glass fiber (diameter. 0.3 mm), which had a small thickening (diameter 0.4 mm). The proximal end of the artery was fastened by a thread behind the thickening. Then the segment was turned inside out by gently rolling it back off the fiber.
In some experiments it was desirable to incubate the proximal and distal part of the segment in different drug solutions. To facilitate this, the experimental chamber was divided into two parts by means of a wall 150 fim thick, through which the artery segment was inserted (Fig. 3 ). The efficacy of the separation was tested by the addition of Evans blue ( Fig. 3: A5) .
A dissection microscope and a Robot Recorder 24 B (highest frame frequency: 4/sec) were used to photograph changes in segment diameter after local application of NE (Arterenol, Hbchst) and when the segments were stimulated repetitively after the addition of TTX (Tetrodotoxin, Calbiochem) or of phentolamine (Regitin, Ciba) to the superfusate. The negatives (24 X 24 mm) were enlarged by projection so that 3.4 cm corresponded to the actual size of 1 mm. The reading error was ±0.01 mm.
Studies on Strips
Small segments of the REA were cut open longitudinally and, with the adventitial tissue at the bottom, strips 0.5 mm wide were cut with sharp razor blades at an intersection angle of 0° to the transverse axis of the vessel. The length of the strips was about 1.5 mm and corresponded to the circumference of the vessel. The strips were mounted horizontally on hooks with braided silk threads (Ethicon 9-0; diameter: 30-39 /im) in a perfusion chamber (volume: 0.1 ml; velocity of the PSS at strip site: 6.4 cm/sec). Membrane potentials were sampled from all surfaces of the strip. The predetermined drug concentration was reached within 0.25 second, as could be measured at the site of the strip whereby the time course of extinction of an indicator solution (stained solution) added to the drug is recorded by a solar cell. Mechanical latency was measured from the time the predetermined NE concentration was reached to the time the force suddenly increased (for details see Vonderlage, 1974) .
The resistance of the glass microelectrodes filled with 3 M KC1 varied between 30 and 50 Mfi and the tip potentials between 1 and 5 mV. The tip diameters of the electrodes, which were produced using the technique of Brown and Flaming (1977) , were between 0.1 and 0.2 /un as measured by scanning VOL. 49, No. 3, SEPTEMBER 19S1 mm stimulation 15 sec FIOURE 2 Changes in diameter of a perfused segment after periarterial nerve stimulation. The plexiglass block, in which the stimulating electrodes are embedded, is at the far left of the pictures. A: segment before stimulation; B: 1 sec; C: 1.5 sec; D: 4 sec; E: 8 sec; F: 40 sec after the beginning of the stimulation (12 V; 0.3 msec; 20 Hz) . The graph shows the pressure measured at the entrance of the segment. electron microscopy. The criteria for successful impalements were an abrupt fall in potential and a constant time course of potential for at least three minutes. The tension was measured with a transducer (Shinkoh, UL; ± 10 g; ± 4mm), equipped with a carrier frequency measuring bridge. The output signal was differentiated by means of a computing amplifier (Hugo Sachs, time constant: 10 msec).
Solution
The physiological salt solution (PSS) was of the following composition (in mM): NaCl, 118; KCl, 4.8; CaClo, 2.5; KH 2 PO.,, 1.2; MgSC, 1.2; NaHCO..,, 25; Na 2 CaEDTAt, 0.01; glucose, 10. The solution was saturated with ca. 93% O 2 and ca. 7% CO 2 . The pH of the solution was 7.3 and the temperature of the flowing solution, 37°C (±0.1°C). In some experiments in which mechanical latencies were measured, solutions with an increased K + concentration were obtained by replacing NaCl with KCl, keeping the sum [Na + ] o + [K + ] o constant. In other experiments the K + concentration was increased by the rapid addition (Vonderlage, 1974) of KCl to the flowing PSS, after which the solution was hypertonic. In these experiments, the KCl solution had to be stained with 10~3 g/ml Lissamine green SF (Chroma-Gesellschaft), because Evans blue was precipitated by the KCl solution. A Ca 2+ concentration of 5 X 10~8 M, which is termed a Ca 2+ -free t Naj-Ca-elhylenediaminetetraacetate. solution, was achieved by the addition of 1.53 x 10~:' M EGTA to a solution containing a total calcium concentration of 5 x 10~* M [apparent stability constant: 0.98 X 10 7 (see Vonderlage, 1974) ].
Results

Experiments on Segments
The diameter of the perfused artery decreases over its whole length, when a small part of the segment is repetitively stimulated (12 V; 0.3 msec; 2-20 Hz). The decrease reaches the first maximum within 4-7 seconds, then diameter increases partly and again decreases within about 1 minute to 64% ± 9 (mean ± SD; n = 9, measurements from five different arteries; measured at a frequency of 20 Hz; 100% corresponds to vessel diameter before stimulation; Fig. 2 ). The actual minimal segment diameter before stimulation of the five vessels is 1.21 ± 0.12 mm (mean ± SD). There is still a small flow of the perfusate when segment diameter has decreased to a minimal value after stimulation.
When a constant pressure of 70 mm Hg is applied along the inside of the segment, the diameter decreases over its whole length after repetitive stimulation (12 V; 0.3 msec; 10 Hz), (Fig. 3: B 1 and C 1;  Fig. 4 ). After repetitive stimulation, segment diameter decreases in the proximal part, whereas there is no change in the distal part when incubated in a solution containing TTX 2 x 10~7 g/ml ( Fig. 3 B 3 and C 3). When the distal part of the segment is incubated in a solution containing NE, 1CP g/ml vessel diameter decreases in this part of the segment, whereas the diameter of the proximal part is not changed (Fig. 3: B 4 and C 4) .
When direct current (2-3 V; 3 sec) was applied, contraction could be observed only when the segment was quickly retracted out of the stimulation block immediately after stimulation was stopped ( Fig. 3 : B 5 and C 5).
A few seconds after local application of 2 x 10" 6 g/ml NE with a micropipette, a contracted region of both normal (adventitial, Fig. 5A ) and everted (intimal, Fig. 5B ) vessel is to be seen, which is extremely localized: no contraction can be observed on the underside of the segment opposite the micropipette or more than 0.3 mm away and upstream from the tip of the micropipette. Downstream from the micropipette, the effect of NE may extend as it is carried away by the streaming superfusate. No change in pressure, measured at the entrance of the perfused segment, was to be seen after local application of NE.
Experiments on Strips
The mean (± SD) membrane potential of 35 cells of strips from six different vessels is 56.2 ± 3.37 mV (sampled from all surfaces of the strips, range: 35-80 mV). During mechanical latency, after rapid addition of a hypertonic solution with augmented KC1 (20-100 IMI), membrane potentials change only in those superficial cells in which microelectrodes are inserted from the sectioned side of the strip (Fig. 6A ). After the rapid addition of NE (5 x 10" 9 -5 X 10~* g/ml), however, these cells do not alter their membrane potentials during mechanical latency (Fig. 6B ). When microelectrodes are inserted from the adventitial or intimal side of the vessel strip, membrane potentials of these cells alter neither after the rapid addition of KC1 nor after the rapid addition of NE during mechanical latency. That means that, after rapid addition, a drug first affects the cells lying at the sectioned side of the strip. In the steady state of the membrane potential, sifter addition of a hypertonic solution with augmented KC1 (55 miu), the depolarization of the ceLls (adventitial and intimal as well as sectioned side cells) is about 10 mV. After rapid addition of NE, the mechanical latency decreases with increased NE concentration. At a concentration of 5 X 10~8 g/ml, the latency is reduced to about 0.5 second. An isotonic solution, in which Na + was replaced with 94 HIM K + , reduces the membrane potential to nearly zero (six measurements on three strips; one is shown in the inset of Fig. 7) . Addition of NE 2 X 10~7 g/ml, produces a biphasic contractile response-first a rapid phase A and then a second slow maintained phase B-in both polarized and depolarized tissues (Fig. 8: A  and B 2) . Although the mechanical latencies of the two tissues do not differ (Fig. 7) , the maximum rate of tension development, which is reached about 1 second after tension starts increasing, in a 100 mM K + solution reaches only 50% compared with the values obtained in normal PSS (Fig. 8: A and B 2) .
When strips are incubated for 3 minutes in a Ca 2+ free solution (change from PSS to Ca 2+ -free solution decreases tension very slightly), 2 x 10~7 g/ml NE induces a transient contraction whose peak force and maximum rate of tension development are lower than the corresponding values of the phase A contraction measured in normal PSS (Table 1) . When the NE pulse (2 x 10~7 g/ml) lasts for 10 seconds, a second contraction, whose amplitude is significantly smaller than the first one, can be observed (Fig. 8 C) . No second contraction is to be seen when the first NE stimulus lasts for 40 seconds (Fig. 8 D) .
After the strips have been incubated for 2 minutes in a Ca 2+ -free solution, the change from low K + (6 mM) to high K + (100 mM, isotonic solution) induces a small contraction ( Fig. 8: E 1) which can be prevented by the previous addition of 10~3 M phentolamine. After this contraction ( Fig. 8: E 1) , NE induces a second contraction ( Fig. 8: E 2) , which is similar to the contraction induced in Ca 2+ -free solution with low K + (Fig. 8 . C and D) (summarized in Table 1 ).
Discussion
After the rapid addition of NE, the membrane potential of single smooth muscle cells of strips from the REA did not alter during latency (Fig.  6B) . These cells, however, showed a depolarization immediately after the rapid addition of a solution with augmented KC1 (Fig. 6A) . Although the latter result shows that the drug quickly reaches the cell whose membrane potential is being measured, it does not prove whether or not change in membrane potential due to a change in permeability occurs after the addition of NE because the membrane may be damaged by the insertion of the electrode. Relation between the added NE concentration and the mechanical latency. • A • measured in normal PSS; O A • measured 1 min after 94 mM Na* was replaced with K* in the solution. The different symbols represent measurements on strips from three different rabbits. The inset shows the membrane potential (lower trace, right ordinate) of a single smooth muscle cell of a strip and the contractile response (upper trace, left ordinate) following the addition of PSS, in which 94 mM Na* was replaced with Moreover, membrane potentials of single cells may not reflect the characteristics of the whole tissue. Speden (1967) measured depolarizations (6.1 mV ± 4.9; n -8) of the membrane potentials of segments of the REA after stimulating the preparations with pulses of 50 V, for a duration of 0.5 msec and at a frequency of 2 Hz. The use of TTX or some other blocking drug to rule out direct stimulation of smooth muscle cells, as Duckies (1980) contractile elements, thereby inducing a strong contraction. The further addition of NE brings about a change in the concentration at the filaments within the same time as in a solution with low K + . This is apparent from the fact that the latencies of polarized and depolarized tissues are the same. This means that, even in cells with a membrane potential of nearly zero, contractile response is initiated by NE without delay. The reason for the lower contraction amplitude and maximum rate of tension development in the second contraction ( Fig. 8: B 2) may be that the contractile elements already are highly activated in the first contraction ( Fig. 8:  B 1) . When the contraction is induced in non-activated filaments of either polarized or depolarized tissues, contraction amplitude and maximum rate of tension development show only small differences (Table 1) . Although it seems unlikely that after the addition of NE phase A and phase B contraction start at the same moment or that phase A contraction starts even later than phase B, we investigated the contractile response to NE using a Ca 2+ -free solution. In this way we were able to eliminate selectively phase B contraction which is due to the influx of extracellular Ca 2+ (Bevan et al., 1973; Steinsland et al., 1973) . Contraction amplitude of the rabbit vena cava depends on the incubation time in Ca L>+ -free solution (Vonderlage, 1976) . At an incubation time of 3 minutes in Ca 2+ -free solution, contraction amplitude and maximum rate of tension development of the REA are reduced to 64.84% ± 3.12 and 81.82% ± 4.79 (mean ± SD, n = 3), respectively, related to the corresponding values obtained in normal PSS (Table 1) . This reduction probably is due to a loss of cellular calcium and/or to the elimination of phase B contraction, which might start before maximum rate of tension development is reached. There were minimal differences between contraction amplitudes measured in Ca 2+ -free solution (Fig. 8: C and D) and those in Ca 2+ -free and high K + solution ( Fig. 8: E 2; Table 1 ). These small differences could be due to the slight preceding phentolamine-sensitive contraction (Fig. 8: E 1) , which is probably induced by a very small quantity of NE released by 100 mM K + in Ca 2+ -free solution. Droogmans et al. (1973) have shown that the amplitude of action potentials of cells of the REA is reduced with decreased [Ca 2+ ] o , which implies that if NE mediates phase A of the contractile response by action potentials, then no phase A should be initiated in Ca 2+ -free solution. However, this is not the case (McCalden and Fig. 8: C and D) . Our results, demonstrated in Figure 8 and Table 1 , indicate that NE mediates phase A contraction by the release of cellular Ca~+ and that this mediation is not changed when cells were depolarized.
Measurements of tension on segments and on strips from vascular smooth muscle after local and general stimulation, as applied by Bevan and Ljung (1974) , present no direct information about localization and extent of contraction, but extension of contraction is an event which depends not only on time but also on location, and changes in active tangential tension of the vessel wall entail a change in segment diameter, if the pressure inside the vessel is constant. Therefore we conclude that a more suitable method for analyzing propagation is to photograph the change in the diameters of the entire segment, even if the movement of the vessel wall is not completely congruent with the area of contraction. As other authors (e.g., De La Lande and Rand, 1965) have shown, repetitive stimulation of one small part of a segment induces a longitudinal spread of contraction over a distance of more than 1 cm (Fig. 2) . According to Bevan and Ljung (1974) , one would expect to produce a similar effect with direct current, but this is not the case (experiments of Fig. 3 : B 5 and C 5).
The longitudinal spread of contraction is interrupted in that part of the preparation which is incubated in a solution containing TTX, 2 x 10~' g/ml ( Fig. 3 : B 2 and C 2; Fig. 4 ) or 10 6 M phentolamine ( Fig. 3: B 3 and C 3) . This is because TTX selectively inhibits excitation and conduction in periarterial nerves although it has no influence on the contractile response of different vascular smooth muscle cells to NE (Vanhoutte, 1974) ; phentolamine blocks the a-effect of the released NE but does not affect nerve conduction. The spread of contraction in the segments used in our experiments VOL 49, No. 3, SEPTEMBER 1981 depends on both normal nerve function and an unaffected function of the a-receptors at the smooth muscle cells. If either one of the systems is inhibited, contraction spread is interrupted.
Moreover, the local application of NE with a micropipette shows that the extent of the contracted region of both normal (adventitial) and everted (intimal) vessel is extremely localized (Fig.  5 ): no contraction can be observed on the underside of the segment opposite the micropipette or more than 0.3 mm away and upstream from the tip of the micropipette. (As already mentioned under "Methods," the effect of the NE may extend downstream from the micropipette, as it is carried away by the streaming superfusate.) This result shows that the smooth muscle cells of the REA which are stimulated by NE are not capable of conducting this information longitudinally, as periarterial nerves do, or circularly in the vessel wall. (No information about radial spread of contraction was obtained) The extent of contraction over a distance of 0.3 mm could easily be explained by the direct effect of the NE which, diffusing within a few seconds, can reach a concentration of up to 5% (10~7 g/ml) in this area. Therefore, myogenic propagation in longitudinal and circular directions may be absent or extremely limited to small units in the range of less than 0.3 mm in the vessel we investigated.
